The genetic diversity of wild chestnut populations naturally distributed in northern Japan was examined in the present study. Leaf samples from total of 245 individual chestnut trees were collected from 7 regions and genetic diversity was analyzed using 5 SSR (Simple Sequence Repeat) markers. Seventy-nine putative alleles were detected in all the populations with an average value of 15.8. The values of observed heterozygosity (H O ) per locus in all the populations ranged from 0.638 to 0.835. Average value of the observed heterozygosity in each population was 0.677-0.793, showing extensive genetic diversity in wild chestnut populations. Six populations were divided into 3 clades (Otaru, Tsugaru-Aomori-Minamikayabe-Shimokita and Tsukuba) based on the phenogram obtained. A very small genetic differentiation was found in the clade of Tsugaru-Aomori-Minamikayabe-Shimokita, whereas there were rather large genetic differences from the other clades. When wild chestnut samples were compared with cultivated ones, no remarkable differences were observed in the heterozygosity value and the size range of alleles, suggesting that cultivated chestnuts were most likely selected from wild populations.
Introduction
Japanese chestnut (Castanea crenata Sieb. et Zucc.), which is naturally distributed in the Korean Peninsula, Japan and temperate region of East Asia, is considered to have originated in these areas. In Japan, Japanese chestnut is found in natural forests over wide areas from Hokkaido to Kyushu. Large numbers of wild chestnut trees which are presently distributed in northern Japan account for the major trees of secondary forests. Japanese chestnut has been utilized and cultivated for nuts and timber over a long period of time.
Recent survey of Jomon sites showed that nuts of chestnut were important foods for the Jomon people (Nasu 1983) . During the Jomon period, chestnut was commonly used by the Jomon people. Ancient chestnuts from the Jomon period were identified at Jomon sites in northern Japan, for example the Sannaimaruyama site in Aomori Prefecture (Aomori Prefecture 1996) . At that site, large amounts of ancient nuts were found and the Jomon people had used the timber of chestnut trees for construction. Chestnut pollen was detected at the ratio of 90% at the site (Yasuda 1995) . Minaki (1994) examined the size of the nut at 14 sites from the Jomon period and suggested that chestnuts had been domesticated during the Jomon period. Yamanaka et al. (2000) and Takahashi et al. (2002) who extracted DNA from ancient chestnuts from the Jomon period and compared the genetic diversity with that of present wild chestnuts by amplification using random primer pairs, suggested that domestication had occurred at the Jomon sites. However, comprehensive genetic relationships between wild, cultivated and ancient chestnuts had not been sufficiently analyzed and characterized.
Although chestnuts are important genetic resources, the genetic diversity and geographical genetic background of Japanese chestnuts have not been fully elucidated. It is thus necessary to clarify the genetic diversity and relationships of wild and cultivated chestnuts for the implementation of efficient breeding programs and introduction of valuable traits into cultivars.
The genetic diversity of wild populations of C. dentata (American chestnut) was analyzed by isozyme and RAPD markers and 38 alleles were detected at 14 polymorphic isozyme loci (Huang et al. 1998) . C. sativa (European chestnut) was identified based on chloroplast genome studies into 11 haplotypes by PCR-RFLP analysis (Fineschi et al. 2000) . Cultivated and wild Japanese chestnuts (C. crenata) were identified by using RAPD and RFLP markers, and a very low level of polymorphism was detected by the RFLP markers and 49 RAPD markers using 40 common primers (Morimoto et al. 1997) . Yamamoto et al. (1998) who characterized Asian chestnut including C. crenata and C. mollissima by the AFLP method using 9 primer combinations, showed that Japanese cultivated chestnuts were grouped with Japanese wild chestnuts. In our previous study, informative SSR (simple sequence repeat) markers were developed (Yamamoto et al. 2003) in C. crenata. Fifteen SSRs were developed in the Japanese chestnut (C. crenata) using an enriched method for (AG)/(TC) and 14 markers revealed polymorphisms in Japanese chestnut. Communicated by Y. Sato Received June 10, 2004 . Accepted March 8, 2005 In the present study, the genetic diversity of 7 wild chestnut populations in northern Japan was analyzed with 5 SSR markers. Then, the genetic differences were determined for the wild chestnut populations and the genetic relationship between wild and cultivated chestnuts was discussed.
Materials and Methods

Sample collection and DNA extraction
Seven wild chestnut populations were chosen and analyzed in the present study ( Fig. 1 ). Three sites, i.e., Otaru city, Minamikayabe town and Matsumae town, were located in Hokkaido while 3 other sites, i.e., Shimokita Peninsula, Tsugaru Peninsula and Aomori city, were located in Aomori Prefecture. Chestnut population in Tsukuba city, Ibaraki prefecture was also used as a reference for eastern Japan. Fortyfive, 29, 27, 30, 39, 36 and 39 individuals were collected from Otaru, Minamikayabe, Matsumae, Shimokita, Tsugaru, Aomori and Tsukuba, respectively. Samples of young or adult leaves were collected from individuals of wild chestnut populations in these regions. After collection, these samples were immediately dried using silicagel.
Genomic DNA was extracted from 20mg of silicageldried young or adult leaves by the modified CTAB method (Yamamoto et al. 2001) or by using DNeasy Plant Mini Kit (QIAGEN, Germany).
SSR analysis
Five SSR markers (KT001b, KT004a, KT005a, KT015a and KT020a) developed from Castanea crenata (Yamamoto et al. 2003) were used in the present study. SSR amplification for each locus was carried out in a 20 µl solution containing 10 mM of Tris-HCl (pH 8.3), 50 mM of KCl, 1.5 mM of MgCl 2 , 0.01% gelatin, 0.2 mM each of dNTPs, 0.5 µM of each forward primer labeled with a fluorescent chemical (FAM or TET or HEX) and unlabelled reverse primer, 10 ng of genomic DNA and 0.5 unit of Taq poly-merase (Invitrogen, USA). PCR reaction was conducted at 94°C for 5 min for denaturation, followed by 35 cycles at 94°C for 1 min, 55°C for 1 min and 72°C for 2 min, with a final extension step at 72°C for 7 min. The PCR products were separated and detected using an ABI PRISM 377 DNA sequencer and a 310 genetic analyzer (Applied Biosystems, USA). The SSR products were analyzed by using GeneScan software (Applied Biosystems, USA) based on internal standard DNA (GeneScan-350TAMRA, Applied Biosystems, USA).
Data analysis
The parameters of genetic diversity (observed heterozygosity: H O , expected heterozygosity: H E , and polymorphism information content: PIC) were calculated using CERVUS ver. 2.0 software (Marshall et al. 1998) . Allelic richness per locus (A R ), Nei's Gene diversity (Nei 1973 (Nei , 1987 and genetic differentiation (R ST ) (Slatkin 1995) were calculated using FSTAT ver. 2.93 software (Goudet 1995) . Inbreeding coefficient (F IS ) was calculated and significant deviation from Hardy-Weinberg equilibrium determined by the probability test was estimated using GENEPOP software (Raymond and Rousset 1995) . Nei's genetic distance (Nei 1978) between populations was calculated using GENETIX ver. 4.05 software (Belkhir et al. 2004) . The phenogram was constructed by the UPGMA method based on Nei's genetic distance between populations using PHYLIP ver. 3.6 software (Felsenstein 2002) .
Results and Discussion
Amplification of SSR alleles
One to two amplified products were detected in all the chestnut samples by using 5 SSRs. Since the SSR loci in this study were single locus markers, remarkable amplification of alleles was observed for all the populations and all the individuals. Size ranges of alleles were similar to those of Shibaguri (wild chestnut) described by Yamamoto et al. (2003) . Average values of the number of observed alleles (A O ) with 5 markers in each population were 7.8 at Otaru, 8.2 at Shimokita, 9.4 at Tsukuba, 10.4 at Aomori, 10.4 at Tsugaru and 11.0 at Minamikayabe (Table 1) . A total of 79 alleles were detected in all the populations with all the markers. The number of observed alleles (A O ) in all the populations per locus was 5 at the KT020a locus, 6 at the KT015a locus, 15 at the KT001b locus, 25 at the KT005a locus and 28 at the KT004a locus ( Table 2) .
The SSR marker KT005a revealed some alleles about 390 bp long for 9 individuals collected at Matsumae, which were not observed in Japanese chestnuts but were detected in Chinese chestnuts (Yamamoto et al. 2003) . These results suggested that Chinese chestnuts were occasionally mixed in the population of Matsumae, presumably due to human influence. In 1968, Chinese chestnuts were introduced and used to evaluate the chilling tolerance in southern Hokkaido (Tate 1982 ), suggesting that the introduced Chinese chestnuts might have influenced the genetic background of the chestnut population in Matsumae. Therefore, the population in Matsumae was excluded from further analysis. Huang et al. (1998) detected 38 alleles from Castanea dentata (American chestnut) using 14 isozyme loci and Fineschi et al. (2000) identified C. sativa (European chestnut), based on chloroplast genome studies into 11 haplotypes by PCR-RFLP analysis. Morimoto et al. (1997) identified cultivated as well as wild Japanese chestnuts with RAPD and RFLP makers, and indicated that a very low level of polymorphism was obtained with the RFLP markers and 49 RAPD markers using 40 common primers. Yamamoto et al. (1998) analyzed Asian chestnut samples using AFLP markers with 9 sets of primers, and detected 60% of polymorphic bands out of the 271 fragments obtained. As for dominant markers such as RAPD and AFLP, the information obtained was limited, and the identification of the alleles was difficult. In the present study, the use of co-dominant SSR markers enabled to analyze alleles with a high reliability and to detect sufficient intra-specific variation. A total of 79 alleles were detected at 5 SSR loci in C. crenata, showing a high resolution and reliability compared with other molecular markers. 
Genetic diversity of wild chestnuts
The values of observed heterozygosity (H O ) and expected heterozygosity (H E ) were calculated from the allele frequency detected in each population. H O values ranged from 0.718 (Tsugaru) to 0.793 (Shimokita) and the range of the H E values was 0.731 (Otaru) to 0.782 (Aomori) in the populations from northern Japan (Hokkaido and Aomori) using 5 SSR markers (Table 1) . The values of heterozygosity of these populations were rather large, and no remarkable differences were observed among the populations. Average values of H O and H E of the population in Tsukuba were 0.677 and 0.695, respectively. These results suggested that Castanea crenata displayed a large heterozygosity in wild populations. The H O and H E values in the chestnut populations were compared with the values obtained in other Fagaceae with SSR markers. Castanea crenata showed a similar large heterozygosity (H O : 0.727 and H E : 0.780), compared with Fagus sylvatica (0.727 and 0.753) (Pastorelli et al. 2003) , Fagus orientalis (0.697 and 0.740) (Pastorelli et al. 2003) and Quercus rubra (0.679 and 0.737) (Preston et al. 2002) . A large heterozygosity is commonly observed in Fagaceae. Its cause might be related to outbreeding which is generally observed in Fagaceae and the use of SSR markers showed a high level of polymorphism.
Difference between populations
Allele frequency of each SSR locus was compared, and the difference between populations was analyzed. For example, with the KT001b SSR marker, a 205 bp allele (7.7-36.7%) was detected in all the populations. Alleles with 207 bp (14.1-19.4%) and 209 bp (12.8-35.9%) were frequently detected at Minamikayabe, Shimokita, Tsugaru, Aomori and Tsukuba (Fig. 2) . However, the ratio of the 207 bp (1.1%) and 209 bp (2.2%) alleles was low at Otaru. In contrast, 221 bp (31.1%) and 225 bp (15.6%) alleles were the major alleles detected at Otaru. These results suggested that the frequency distribution of the major alleles was similar at Minamikayabe, Shimokita, Tsugaru and Aomori. The frequency distribution of the alleles at Tsukuba was slightly different from that of the other populations. The frequency distribution at Otaru was considerably different.
The number of alleles at each SSR locus was compared. The values of the allelic richness (A R ) which is specified sample sizes was based on the rarefaction method developed in ecology by Hurlbert (1971) were almost similar values of A O (Table 1) . The values of A R in each population were almost same values except for the alleles at the KT004a locus. The average value of A R at Otaru was smaller than those of other populations. It may originate in the formation of the population. Private allele (P A ) was also informative, which was observed rarely and population specific. These private alleles were detected at the KT001b, KT004a, KT005a and KT015a loci, based on the allele frequency (Table 1) . At the KT001b locus, alleles with 203 bp (1.3%) at Tsukuba and with 227 bp (2.8%) at Aomori were detected with a low frequency. At the KT004a locus, alleles with 158 bp (7.8%) at Otaru and 160 bp (1.6%) at Shimokita were detected with a low frequency. At the KT005a locus, alleles with 214 bp (1.3%) at Tsukuba and 228 bp (1.4%) at Aomori were detected with a low frequency. At the KT015a locus with few alleles, 166 bp (1.7%) and 187 bp (1.7%) alleles at Minamikayabe and 183 bp (1.3%) at Tsugaru were detected with a low frequency. However, all the major alleles with high frequencies were distributed in a narrow range (162-168 bp) and the private alleles were 15-19 bp larger than the major alleles. Private alleles were detected at the rates of 1 to 2 in each population. For the values of both A R and P A , the genetic provider could not be confirmed among the populations. Values of the inbreeding coefficient (F IS ) in the populations were as follows: Otaru (0.010), Minamikayabe (0.067), Shimokita (−0.035), Tsugaru (0.073), Aomori (0.056) and Tsukuba (0.026) ( Table 1) . As the results of significant deviation test from Hardy-Weinberg equilibrium, almost all the populations and loci except for some exceptions showed no significance. Significance within populations and loci was detected at Minamikayabe (KT004a), Tsugaru (KT005a) and Aomori (KT001b and KT020a). Significance within populations was detected at Aomori and significance within loci was detected with the KT004a and KT020a markers ( Table 2) . F IS values of the locus and the population with significant deviations were positive, which indicated an excess of homozygotes, presumably due to the existence of null alleles or inbreeding.
The phenogram was constructed based on Nei's genetic distance between populations by the UPGMA method. Populations were divided into 3 clades. The first clade is Otaru. The second clade contains Tsugaru, Aomori, Minamikayabe and Shimokita, indicating that these 4 populations were genetically very close ( Fig. 3 and Table 3 ). The third one is Tsukuba. The population at Minamikayabe in Hokkaido was not grouped with Otaru in Hokkaido but with Tsugaru, Aomori and Shimokita in Aomori Prefecture. These results suggested that genetic exchange existed over the Tsugaru Channel without distinction between natural and artificial factors. Yamada and Shibauchi (1997) suggested that chestnut was not included in the components of the cool temperate zone forests which were organized in the early Holocene in Hokkaido. Chestnut was not detected among the ancient plants which were examined at the site of Hokkaido from the earliest Jomon period (about 10,000 to 6,000 years ago), and it is unlikely that chestnut was naturally distributed in Hokkaido. At the Sannaimaruyama site in Aomori prefecture, Jomon people cut down oak and maple trees to estab-lish artificial chestnut forests during the early (about 6,000 to 5,000 years ago) to the middle (about 5,000 to 4,000 years ago) Jomon period (Yasuda 1995) . Utilization of chestnuts at the sites in Hokkaido started from the second half of the early Jomon period and the Jomon people who lived in Aomori prefecture brought chestnuts to Hokkaido for use as food and timber with cultivation at that time (Yamada and Shibauchi 1997) . There was a possibility that chestnuts have been brought to Hokkaido across the Tsugaru Channel by the Jomon people. A low level of genetic differentiation was detected in Castanea crenata in northern Japan. It will be necessary to analyze a large number of populations over a wider range in order to clarify the comprehensive genetic diversity and genetic structure of this species.
Relationship between wild and cultivated chestnuts
In our previous report, although wild chestnuts were analyzed and compared with cultivated chestnuts, the number of wild chestnuts was relatively small (Yamamoto et al. 2003) . Then, in the present study, the number of wild chestnut individuals was increased to 245 and a detailed comparison was conducted between cultivated and wild chestnuts ( Fig. 4 and Table 2 The frequency distribution of the major alleles of 12 cultivated chestnuts was analyzed at each locus (Yamamoto et al. 2003) . Major alleles were as follows: 191 bp (12.5%), 205 bp (12.5%) and 207 bp (29.2%) at the KT001b locus; 109 bp (25.0%), 126 bp (12.5%) and 137 bp (12.5%) at the KT004a locus; 184 bp (37.5%), 189 bp (20.8%), 194 bp (12.5%) and 196 bp (16.7%) at the KT005a locus; 164 bp (33.3%) and 168 bp (54.2%) at the KT015a locus and 83 bp (12.5%), 85 bp (25.0%), 89 bp (45.8%) and 91 bp (16.7%) at the KT020a locus in the 12 cultivated chestnuts. They were also the major alleles in the wild chestnuts and their frequency was similar to that of the wild chestnuts. Chi-square (χ 2 ) tests were used to test the significance of the allele distribution at each locus between wild and cultivated chestnuts ( Table 2 ). The distribution of the alleles at the KT005a and KT020a loci was not significant (P ≤ 0.01).
The values of heterozygosity of both cultivated and wild chestnuts were almost the same and were high. Moreover, the size range of the alleles of the cultivars was included within the range of the wild chestnuts, suggesting that cultivated chestnuts were selected from wild chestnuts. 
